Abstract. Geodetic observations of surface deformation associated with the 1994 Northridge, southern California, earthquake generally are reproduced by simple models of a large-scale elastic dislocation on a blind or buried thrust fault. The smaller-scale aftershocks of the Northridge earthquake are distributed throughout much of the volume of crust that appears to have deformed elastically during the mainshock. These aftershocks, averaged over volumes that are large relative to their rupture radii, reflect a distributed, permanent deformation that is accommodated by local brittle fracture. We use a micropolar continuum model to invert the aftershocks in such volumes for the average incremental strain, and we compare that deformation both with the elastic strain from the dislocation model of the mainshock and with geodetically measured strain. Aftershock deformation that occurred at depths below about 6 km, and which is associated with the primary rupture zone, is consistent with slow continuation of the southwest-side-up reverse slip on the blind Northridge thrust fault. In contrast, aftershock deformation from the upper 5-7 km of the hanging wall block directly above the thrust fault can be characterized by horizontal NE-SW shortening and horizontal NW-SE (i.e., fault-parallel) extension. This pattern of deformation is similar to that associated with the mainshock, as observed geodetically and as calculated from the elastic dislocation model. We interpret that the aftershock activity in the hanging wall represents the quasi-ductile accommodation by brittle deformation mechanisms of a permanent strain distributed through the hanging wall block. The aftershocks along the mainshock rupture zone are interpreted as resulting from either (1) the time-dependent release along a weakened fault zone of part of the remaining accumulated elastic strain in the upper crust or (2) the continued slip in the weakened fault zone driven by the deformation of a ductile-elastic lower crustal layer that relaxes under the stress transferred by the coseismic loss of cohesion in the upper crust. In either case, the aftershock activity suggests that the crust undergoes quasiductile flow as a brittle-elastic material, and is not a strictly elastic material.
Introduction
In this paper we use a generalized continuum model to evaluate distributed brittle deformation accommodated by aftershocks of the 1994 Northridge earthquake, which occurred on a blind thrust fault beneath the western Transverse Ranges in southern California (Figure 1 The goal of this paper is to use a continuum model to invert the aftershocks for the characteristics of the seismic flow accommodated by the Northridge earthquake aftershocks and to compare this deformation both with the theoretically modeled elastic deformation and with the geodetically measured deformation associated with the mainshock. In the following sections we first describe the geologic setting of the earthquake, the elastic models of the mainshock deformation, and the patterns of aftershock activity. We then describe the kinematic basis for the generalized continuum model and the analytic approach used to invert aftershock focal mechanisms for the characteristics of the seismic flow. We present the results of our analysis and interpret the significance of the aftershock deformation for relaxation of the coseismic elastic strain and for kinematic models that describe progressive contractional deformation of crystalline basement terranes.
Geologic Setting of the Northridge Earthquake
The blind thrust fault that produced the Northridge earthquake dips southwest beneath the southern margin of the east Ventura basin and the northern San Fernando Valley [Hauksson et al., 1995] . Huftile and Yeats [1996] (Figure 4) . Although the fault-normal shortening is not surprising given the dip-slip motion on the Northridge Patterns of surface deformation associated with the thrust, the fault-parallel lengthening is not accounted for in Northridge earthquake have been determined from Global two-dimensional kinematic models for finite growth of Positioning System (GPS) geodesy [Hudnut et al., 1996] . basement-involved anticlines [e.g., Narr and Suppe, 1994]. These studies show an approximately symmetrical pattern of
The observed pattern of coseismic displacements, including coseismic displacements in the vicinity of the epicenter: GPS the fault-parallel lengthening, is reproduced by models that stations to the northeast and southwest of the epicentral approximate the Northridge earthquake as a dislocation on a 
Northridge Earthquake Aftershocks
Aftershocks of the Northridge earthquake (Figures 2 and 3 ) outline the geometry of the mainshock rupture zone [Hauksson et al., 1995] and exhibit systematic variations that coincide with the structural segments in the Santa Susana Mountains identified by Yeats et al. [ 1994] . The Northridge thrust i s relatively well-defined in the Sylmar segment southeast of the Chatsworth lateral ramp by a single southwest dipping zone of aftershocks (Figure 3, C-C') . The aftershocks extend to a depth of approximately 20 km and can be traced upward as a relatively planar, 3.5 km wide zone to a depth of approximately 7 km. Above this depth, aftershocks appear to be more diffuse and the mainshock rupture zone is difficult to identify as a discrete, well-defined structure.
In the Placerita segment between the Chatsworth and Gillibrand Canyon lateral ramps, the Northridge thrust appears to be well-defined by aftershocks between approximately 21 km and 12 km depth, but at shallower depths the seismicity appears to be distributed in the hanging wall (Figure 3 The majority of the Northridge earthquake aftershocks are small magnitude (M1-M3) events with rupture dimensions of the order of a few tens to a few hundreds of meters. We wish t o evaluate the average deformation of volumes of crust that are much larger than the rupture radius of an individual aftershock, so that the small coseismic displacements within a given volume collectively can be assumed to approximate a continuous deformation. This assumption is reasonable given the scattered distribution of most of the Northridge aftershocks, especially those that occurred in the hanging wall block above the primary rupture zone (Figure 3) .
We use a micropolar continuum model [Eringen, 1966 [Eringen, , 1967 This average deformation, however, is accommodated at a much smaller scale by the shearing of crustal blocks (i.e., "grains") past one another along their boundaries. The average motion of the block centroids can be described by a continuum approximation, and at any given time it defines the large-scale strain (i.e., change in shape) of It is reasonable to assume that such deformations may be accommodated by earthquakes, which represent discrete slip events along the boundaries of rigid, fault-bounded blocks.
The focal mechanisms that we use as kinematic data for our inversions are essentially data on the orientation of the two nodal planes, which are the possible shear planes, and the associated slip direction on each plane. According to the micropolar theory, the slip direction on any given surface is determined by two kinematic components: (1) the average large-scale deformation rate represented by the relative motion of the centroids of the rigid blocks, and (2) a local independent rotation rate of the individual blocks about their centroids [Twiss et al., 1993] . In technical terms, the large scale deformation rate (i.e., the rate of change in shape of the crustal volume) is the symmetric part of the velocity gradient tensor (the strain rate) for a continuum defined by the centroids of the rigid blocks that constitute the material. The relative rotation rate (the relative vorticity) is basically the difference between the antisymmetric part of this velocity gradient tensor and the spin tensor that defines the independent local rotation rate of the rigid blocks. Thus use of the micropolar continuum model to interpret fault-slip data provides a better constraint on the characteristics of the strain rate, and also permits the extraction of additional kinematic information about the contributions of block rotations to patterns of slip on fault surfaces (see discussion and examples of Unruh et al. [1996] ). The micropolar theory is formulated in terms of rates because this is the appropriate form for kinematic variables in the constitutive equations describing ductile deformation [Twiss et al., 1991 [Twiss et al., , 1993 . The focal mechanisms provide constraints only on the directions of incremental slip on faults but not the actual slip magnitudes. Thus our inversions provide solutions only for the orientations of the principal incremental strain axes and for their relative magnitudes; the inversions do not constrain the actual magnitudes of the principal strains. The incremental strain tensor, however, can be converted into the strain rate tensor simply by dividing each of the incremental strain components by the same time increment, which is a scalar quantity. Dividing a tensor by a scalar affects neither the orientation of the principal axes nor the ratios (or ratios of differences) of the principal values.
Thus conclusions about these characteristics of the incremental strain tensor also apply to the strain rate tensor. To avoid confusion in discussing the data, we will refer to the theoretically defined rates as if they were infinitesimal increments in the kinematic vai'iables. To relate the terminology to the theory, it is only necessary to consider the infinitesimal increments as increments per unit time.
Analytical Approach
To Data used for the inversions in this study consist of focal mechanisms for the Northridge aftershocks. These data were recorded by the Southern California Seismographic Network, a joint project of the California Institute of Technology and the U.S. Geological Survey. The methodology for determining focal mechanisms is described by Hauksson et al. [1995] .
We grouped the focal mechanisms by spatial domains in order (1) to separate events on the primary rupture zone from aftershocks that were distributed within the hanging wall block; and (2) to analyze possible variations in seismogenic deformation associated with distinct structural segments of the contractional belt in the Santa Susana mountains. Our initial approach was to use the structural segments defined by Yeats et al.
[1994] as a basis for grouping aftershocks (Figure 1 ). This appears reasonable, given the changes in geometry of the base of the aftershock zone associated with the Gillibrand Canyon and Chatsworth lateral ramps [Hauksson et al., 1995] . Additional subdivisions of the data were performed as appropriate to isolate volumes of relatively homogeneous deformation.
Seismic P and T axes are unit vectors that conveniently describe the orientations of the nodal planes and the directions of the first motions.
We calculated the P and T axes for the focal mechanism data and plotted them on equal-area, lower hemisphere, Kamb contour plots. The plots were inspected visually to assess the orientation and distribution of the P and T axes. If we determined that the P and T axes formed welldefined, single maxima on the Kamb plots, then we concluded is no horizontal extension or contraction parallel to d2 (i.e., subparallel to the strike of the fault). The few exceptions are from the Sylmar segment (depth intervals 18-20 km and 14-16 km; Table 1 ) and the Placerita segment (depth interval 6-12 km; Table 2 ). Inversion of data from these domains shows that D = 0.6, which implies that d2 is somewhat closer in value to dl (maximum lengthening) than to d3 (maximum shortening), and thus the deformation within the primary rupture zone probably accommodates a small component of subhorizontal NW-SE extension parallel to the strike of the fault.
Models (2)) is proportional to the difference between the small-scale vorticity of fault-bounded blocks within the primary rupture zone and the large-scale vorticity (equation (2); Twiss et al., [1993] refer to these as the microvorticity and the macrovorticity, respectively). Because we assume that the
Hanging Wall Deformation From Analysis of Aftershocks
We grouped aftershocks in the hanging wall block of the Northridge thrust fault into depth domains within each of the three major structural segments identified by Yeats et al. [1994] . We also identified what appear to be discrete clusters of aftershocks in the hanging wall from cross sections of seismicity (Figures 2 and 3) , and we inverted data from these clusters where a sufficient number of focal mechanisms were available to obtain a robust solution.
The inversion results (Tables 1-3; see Figures 2 and 3 In general, the value of the deformation rate parameter D for domains in the hanging wall is 0.5 (Tables 1-3 ), which for a constant volume deformation, characterizes a plane incremental strain such that dl (maximum extension) and d 3 (maximum shortening) are equal and opposite in value and that there is no length change in the vertical direction (i.e., parallel to d2). An exception to this general result is the hanging wall deformation in the upper 6 km of the Placerita segment, southwest of the Santa Susana fault ( Table 2) The mainshock rupture and the associated deformation, including the fault-parallel lengthening measured by GPS geodesy, can be successfully modeled [e.g., Hudnut et al., 1996] as an elastic dislocation on the blind Northridge thrust fault, which is reflected in the upper crust as an elastic horizontal shortening normal to the fault strike and an elastic lengthening parallel to strike ( Figure 5 ). The distributed aftershock deformation, however, can, at a sufficiently large scale, be viewed as a quasi-continuous "seismic flow" [see Kostrov, 1974] , or a quasi-ductile deformation. Our inversions of the aftershock focal mechanisms together with the postmainshock geodetic analysis of Donnellan and Lyzenga [1996] show that thrusting motion continued along the mainshock rupture zone and that the deformation in the hanging wall block was characterized by an inhomogeneous pure shear (a plane strain) with shortening normal to the fault strike and lengthening parallel to strike. Thus the deformation accommodated by the mainshock continued during the aftershock sequence as a quasi-ductile flow with essentially unchanged geometry.
This flow can be explained either as a quasi-ductile continuation of the coseismic deformation or as a relaxation phenomenon, as further discussed below. The slow reverse afterslip on the Northridge thrust following the mainshock is not consistent with highly reoriented stresses near a fault on which the stress drop is assumed to be nearly complete, nor is it consistent with elastic rebound following dynamic overshoot of fault displacement during the mainshock rupture. We propose two hypotheses to explain the afterslip along the main rupture zone (see Scholz [1990 Both the strain accumulation prior to the earthquake, as well as the coseismic deformation of the hanging wall block above the blind fault, can be modeled by adopting an elastic constitutive relation for the upper crust. The afterslip and aftershock activity along the mainshock rupture zone could represent a quasi-ductile release of part of the remaining elastic strain that was not released during the mainshock. This model implies a strain weakening of the material in the fault zone because the continued quasiductile deformation occurs in a stress field whose magnitude must have decreased due to release of strain during the main shock.
2. The upper crust could have layered mechanical properties characterized by a brittle-elastic layer overlying a ductileelastic layer. The boundary between these two layers could coincide with the local brittle-ductile transition in this part of the western Transverse Ranges, with earthquakes and aftershocks primarily confined to the upper layer. In this model, assuming constant velocity boundary conditions, the progressively increasing displacement on the boundary would have built up elastic stresses in both crustal layers prior to an earthquake. Presumably the stress would be higher in the brittle-elastic layer than in the ductile-elastic layer, because ductile flow in the latter would progressively relax part of the stress. The loss of cohesion in the upper brittle-elastic layer associated with a large earthquake would have temporarily and locally decreased the stress in the upper layer and thereby increased the stress in the lower layer. This increase of stress in the lower layer would drive an increase in the rate of ductile flow; this in turn would relax the stresses concentrated there and drive continued reverse slip in the overlying weakened mainshock rupture zone, producing aftershock activity. Presumably, the mainshock rupture zone and the upper crustal layer eventually recover all or part of the original elastic strength, possibly through a process of static hardening, and the process of elastic strain accumulation averaged over both layers begins again.
Above the blind fault tip, the standard Coulomb failure criterion suggests that the shallow crust must be relatively weak and thus would support a relatively small stress before the mainshock event.
After the mainshock event, the deformation in the shallow crust above the tip of the blind thrust stress would increase and initiate the process of quasiductile flow.
Such a qualitative analysis cannot restrict the rheology of the crust precisely. Nevertheless, a few conclusions are possible. A simple elastic crustal rheology of the type used to model the surface deformation associated with the mainshock is not sufficient to explain the occurrence, distribution, and style of the observed aftershock deformation, either along the mainshock rupture plane or in the hanging wall block of the Northridge thrust fault. The upper crust must be a brittleelastic material that can deform by quasi-ductile flow; it must be a strain-weakening material because the deformation initiated by the main shock continues after the associated stress drop; and it must have a fading memory because its strength must recover with time following the deformation. Finally, a simple relaxation process of converting transient elastic strain into permanent ductile deformation at constant total strain is inconsistent with the geodetic evidence of continuing deformation. There must be greater complexity than is implied by such a relaxation model in either the constant total-strain boundary conditions or in the theology of the material.
Implications for Kinematic Models of BasementInvolved Folding
The coseismic and postseismic deformation of the hanging wall observed during the Northridge earthquake depart significantly from the assumptions of kinematic models for basement-involved folding by Narr and Suppe [1994] . These models assume conservation of area in a plane containing the slip direction and the normal to the thrust fault, and they predict that the horizontal component of motion of material points in the hanging wall is parallel to the horizontal component of slip on the fault at depth. This assumption is inconsistent with the fault-parallel extension of the hanging wall during the Northridge earthquake. The kinematic models further assume that deformation of the hanging wall is limited to rigid body translation, except where material points pass through axial surfaces, which are kink band boundaries that are fixed to changes in dip of the fault at depth. As material passes through these surfaces, it is deformed by localized shearing. Our results clearly show, however, that the pure shear deformation is distributed throughout the hanging wall and is not limited to axial surfaces of the northeast vergent fault propagation fold identified by Davis 
Conclusions
Based on inversion of aftershock data, deformation that occurred at depths below about 6 km and is associated with the primary rupture zone is consistent with slow, progressive, postmainshock reverse slip in a southwest dipping thrust fault zone. In contrast, inversion of aftershocks from the upper 5-7 km of the hanging wall block directly above the blind thrust fault shows that the seismogenic deformation can be described as an approximately horizontal inhomogeneous pure shear deformation, characterized by horizontal NE-SW shortening and horizontal NW-SE extension.
Deformation in both regions includes a component of permanent quasi-ductile flow of a brittle-elastic material. Along the fault zone at least, this material must be a strainweakening material with fading memory. A two-layer model of a brittle-elastic layer overlying a ductile-elastic layer could account for the observed deformation, but a simple relaxation process by which transient elastic deformation is converted by quasi-ductile flow to permanent deformation at constant total strain cannot account for the observed progressive accumulation of strain after the main shock event.
We propose that slip on the blind thrust during the mainshock transferred an inhomogeneous, horizontal pure shear strain to the hanging wall block and that part of this deformation was accommodated by slow, quasi-ductile "seismic flow" which is characterized by distributed brittle faulting. The patterns of mainshock and aftershock deformation indicate that kinematic models for incremental fault-related folding in crystalline basement terranes must be general enough to account for the observed three-dimensional deformation (i.e., fault-parallel extension) of the hanging wall block in order to be useful for predicting patterns of coseismic surface deformation. the average direction of postseismic slip on the fault associated with the aftershock activity. At present, we cannot evaluate the statistical uncertainty in the rake of this slip vector; however, we can evaluate the sensitivity of this vector to the precision of our inversions. In the following example, we test the sensitivity of modeled aftershock slip direction on the Northridge thrust ( Figure 6 ) by systematically varying the model parameters used in the inversions.
As discussed in the text, the orientations of the best fit principal strain rate axes are bracketed within grid increments of 5 ø, and the best fit values of the parameters D and W are bracketed to within 0.1 grid increments. This is equivalent to a precision of + 2.5 ø for the principal strain rate axes and a precision of + 0.05 for the values of D and W. For the following analysis, we used the inversion results for the 12-14 km depth range of the Sylmar segment of the Northridge thrust as a test case. Using our grid-search algorithm PTGRDSRCH, we generated a typical suite of grid models by varying the orientation of the best fit principal axes by 2.5 ø grid increments. Given the precision of our inversion results, a model with a lower misfit value could be found among this suite of models. We then evaluated the direction of resolved incremental shear on the best fit fault plane of Wald et al. [1996] ; (strike of 122 ø , dip of 40øSW) for each of these models, holding the values of D and W constant. The results indicate that for a variation of +2.5 ø in the orientation of the principal strain rate axes, the rake of the maximum incremental shear vector on the Northridge thrust varies by +5 ø from the rake of the vector for our best fit model. Similarly, we evaluated the variation in the rake as a function of varying D by 0.05 grid increments, holding the orientation of the principal strain rate axes and the value of W constant. For a variation of +0.05 in the value of D, the rake varies by +2 ø. For W, we use _+0.1 for the sensitivity test instead of +0.05 to evaluate the maximum variation in the rake because previous sensitivity tests by Unruh et al. [1996] show that the misfit is less sensitive to variations in W than in d i or D. For a variation of +0.1 in the value of W, the rake varies by +0.5 ø. By conservatively combining the variation in the rake associated with the precision of all the individual model parameters, the minimum precision of the rake on the fault plane is +7.5 ø .
